Introduction and Background
[2] Volcano geodesy examines the spatial and temporal patterns of volcanic surface deformation, with the aim of locating causative sources and constraining their characteristics [e.g., Dvorak and Dzurisin, 1997] .
When combined with other geophysical and geochemical methods, this can provide a basis for determining unrest and eruption forecasting [e.g., Poland et al., 2006] . However, making the transition from geodetic data to subsurface source processes requires the use of nonunique geodetic models, which demand assumptions about mechanical parameters. This can lead to oversimplifications and erroneous or unrealistic predictions as a result of the trade-offs between subsurface mechanics and source characteristics.
[3] Volcanic deformation models have been continually improving since the advent of the first analytical models, whereby a pressurized point source is situated in an isotropic, homogeneous, elastic half-space [Anderson, 1936; Mogi, 1958] . Such improvements have accounted for finite source shapes [Davis, 1986; McTigue, 1987; Yang et al., 1988; Fialko et al., 2001] and viscoelastic behavior [Dragoni and Magnanensi, 1989; Segall, 2010] . Numerical methods have also been applied, and while finite element analysis is not a new technique in volcano geodesy [Dieterich and Decker, 1975] , its use has been expanding in recent years utilizing its flexibility and capability to solve for geological complexities beyond the analytical realm. Models have been developed to test for the influence of topography [Williams and Wadge, 1998 ], source multiplicity [Geyer and Gottsmann, 2010; Hautmann et al., 2010] , subsurface heterogeneity [Folch and Gottsmann, 2006; Currenti et al., 2007; Manconi et al., 2007; Masterlark, 2007; Geyer and Gottsmann, 2010; Hautmann et al., 2010] , viscoelasticity [Newman et al., 2001 Del Negro et al., 2009] , and elasto-plasticity [Trasatti et al., 2005; Scandura et al., 2009; Currenti et al., 2010] on the deformation pattern, but they are seldom tested simultaneously. The latter three approaches have found that accounting for more realistic subsurface conditions, in terms of crustal structure and rheology, results in more realistic pressure changes (i.e., smaller excess pressures compared to homogeneous, isotropic, and elastic solutions). [4] This study focuses on one of the largest regions of coherent volcanic ground deformation ever recorded, centered on Uturuncu volcano in Southern Bolivia ( Figure 1 ) and identified using interferometric synthetic aperture radar (InSAR) [Pritchard and Simons, 2002] . Uturuncu volcano is a dacitic stratovolcano, which appears to have been active between 890 ka and 270 ka [Sparks et al., 2008] . It is located in southwest Bolivia (22 16 0 12 00 S, 67 10 0 48 00 W) within the Altiplano-Puna volcanic complex (APVC) of the central Andes [de Silva, 1989] expression of an upper crustal magmatic system, caused by a huge ignimbrite flare-up where at least 15,000 km 3 of magma was erupted between 10 and 1 Ma, creating several large calderas [de Silva et al., 2006; de Silva and Gosnold, 2007] . Recent research has better constrained the time history of the ignimbrite eruptions using 40 Ar/ 39 Ar geochronology to find that the eruptive behavior was episodic and cyclic [Salisbury et al., 2011] . Crustal melting, stimulated by an increase in mantle power, is also thought to have contributed to tectonic shortening, resulting in the exceptionally thick (~70 km) crust of the Altiplano region [e.g., James, 1971; Isacks, 1988; de Silva, 1989 ].
[5] Between 1992 and 2006 a concentric, 70 km wide region around Uturuncu was observed to be deforming at a constant, maximum rate of 1-2 cm/yr in the radar line of sight (LOS) [Pritchard and Simons, 2004; Sparks et al., 2008] . An anomalously high rate of shallow seismicity was also observed compared to other dormant volcanoes, emanating from a source 3-4 km deep (around sea level) [Pritchard and Simons, 2004; Sparks et al., 2008; Jay et al., 2012] . These are hypothesized to be caused by either brittle deformation of shallow faults within the elastic crust [Sparks et al., 2008] , the movement of groundwater [Pritchard and Simons, 2004] , or a combination of the two with stress exerted on a hydrothermal system [Jay et al., 2012] . Near-summit active fumaroles at boiling temperature attest to a shallow seated hydrothermal system and a heat source at depth.
[6] The APVC has been related to a magma body constrained from geophysical experiments [de Silva et al., 2006; Schilling et al., 2006] . The AltiplanoPuna magma body (APMB) is inferred to be a zone of partial melt (~20 vol %), with low density, high electrical conductivity, and low seismic velocity [Chmielowski et al., 1999; Zandt et al., 2003; Schilling et al., 2006] . The presence of the APMB, with its top at roughly 17 km depth, coincides with some of the estimated source depths from previous geodetic modeling attempts, alluding to a magmatic causative source rather than a hydrothermal one [Pritchard and Simons, 2004; Sparks et al., 2008] . [7] The observed unrest has warranted a closer study of the causative driving forces. Previous models to explain the surface uplift estimated a source depth between 17 and 30 km, but the inherent assumption of these models was that the constant deformation rate could be reproduced using models of mechanical elasticity [Pritchard and Simons, 2004; Sparks et al., 2008] . As a result, these models inverted for source parameters that produce instantaneous deformation in an elastic medium. Rocks, however, only behave elastically for very small strains (a few percent or less) at temperatures cooler than the brittle-ductile transition [Ranalli, 1995; Jaeger et al., 2007] . The geotherm beneath Uturuncu and the APVC is likely perturbed by the presence of the APMB, creating a hot crust with a high heat flow and a shallow brittle-ductile transition zone [Springer and Forster, 1998; de Silva and Gosnold, 2007; Jay et al., 2012] , thus inelastic behavior is probable below this level. The likely depth and long-lived (at least 14 years) nature of the causative source are assumed to favor enhanced ductility [Jaeger et al., 2007; Fossen, 2010] . Therefore, to capture a more realistic rheology and account for time-dependent deformation, we simultaneously solve for source parameters in a mechanically layered viscoelastic medium in addition to homogeneous and heterogeneous elastic mediums, testing a variety of finite source shapes.
Motivation for Study
[8] By forward modeling using finite element (FE) techniques, this study aims to provide a sensitivity analysis of deformation source characteristics at Uturuncu. Allowing for differing source geometries with mechanically plausible pressure histories we systematically explore the effects of crustal heterogeneity and different rheological behavior to help understand the observed spatial and temporal surface displacement patterns.
3. Methods 3.1. Data [9] For the purpose of this study, the particular period under investigation is related to the observed uplift between the 19 May 1996 and the 24 December 2000. This period was analyzed in Pritchard and Simons [2004] who obtained LOS displacements using C-Band InSAR for a descending orbit of the ERS-2 satellite (Figure 1 ). Interferograms were processed using the Caltech/JPL software ROI_PAC. The resulting observations have an accuracy of approximately AE1 cm.
[10] We subsampled the interferogram provided to us by Matthew Pritchard (Cornell) along a variety of transects. The relative displacements were extracted against the corresponding distance from the center of maximum deformation and combined to produce a broad region of uplift representative of the entire scene and inclusive of the expected uncertainty ( Figure 1 ). This was done to complement the axially symmetric model setup and to provide a simpler overview of the deformation, thus facilitating the modeling procedure. Our approach is validated by the observation that the derived deformation pattern is axially symmetric, so profiles from other orientations are almost indistinguishable [Pritchard and Simons, 2004, Figures 4J-4L] . The ground deformation profile was then matched to within the observational error by a rigorous forward modeling procedure, systematically exploring the source parameter space (size, shape, depth and pressure). Although a substantial number (>600) of individual models were run to derive a variety of best-fitting source parameter combinations, we acknowledge that as with all forward modeling there is a possibility that another set of combinations could have been missed that also produce valid results.
[11] The axisymmetric models output the computed displacements in radial (U R ) and vertical components (U Z ) so this was converted to match the InSAR LOS (U LOS ) [Hanssen, 2001] via
where U X and U Y are the displacements in the eastwest and north-south components, respectively. The satellite orbit is reflected in the heading (') and average incidence (θ) angles, which are 13 and 22 , respectively, in the given interferogram. Given that
, and approximating the axisymmetric model via an east-west profile on the west side of the volcano where U Y = 0 and U R = ÀU X , then equation (1) can be simplified to
where a positive U LOS is motion toward the satellite and the negative sign of U R accounts for a westward horizontal displacement away from the satellite. Henceforth, all model results are presented in the LOS vector for an east-west profile. Models then deemed acceptable are those whose LOS displacement falls entirely within the data plus error bounds described above.
Model Setup
[12] The structural mechanics module of commercial software COMSOL W Multiphysics, version 4.2a, was used to construct and compute all finite element models (FEMs). The basic axisymmetric FEM setup used is shown in Figure 2 , and was adapted according to the suite of models to be run. By utilizing a 200 km Â 200 km domain, it is of sufficient size such that the lateral boundary conditions do not affect the results of the interior. To obtain first-order insights on potential source shapes, a selection of widely employed finite geometries are used (spherical, oblate, and prolate spheroids) and the source depths utilized (all given relative to the local elevation) allow the topographic effects to be ignored [Cayol and Cornet, 1998 ]. [13] Axial symmetry is applied due to the concentric pattern of deformation constrained from InSAR (Figure 1) , and transforms the model from twodimensional into pseudo three-dimensional. It is also cheaper on computing resources, reducing the effective number of elements and therefore speeding up the computational process. Consequently, this also assumes the subsurface structure within the model to be axisymmetric, and therefore continuous across the model diameter. Yet, while there is some evidence of lateral crustal variation in the local Uturuncu region to sea-level depth [Jay et al., 2012] , the data are not of sufficient quantity (in terms of depth and lateral extent) to merit inclusion in a more complex and time-consuming fully threedimensional model. We therefore focus our attentions on large-scale vertical variations in crustal structure across the Altiplano-Puna region, delineated by strong seismic reflectors to~20 km depth [Wigger et al., 1994; Zandt et al., 2003 ]. The inclusion of is the depth to the center of the source and P is the uniform pressure change normal to the boundary of the source, dependent on the model run. The Earth's surface is treated as a free surface, the bottom boundary has a fixed zerodisplacement constraint, and the lateral boundary has a roller condition. Mesh and source size are scaled up for illustrative purposes.
gravitational body loads did not alter the modeled deformation results and are therefore excluded from further discussion. Additionally, given the concentric pattern of the observed ground deformation, dipping sources were not considered in the FE analysis.
3.3. Model Physics 3.3.1. Elasticity [14] The first suite of models was based on the assumption of linear elasticity throughout the entire model domain. This implies: (1) stress is directly proportional to strain via Hooke's Law, (2) instantaneous deformation upon application of the load, (3) 100% recoverable deformation upon removal of the load, and (4) that all this happens using a load below the yield limit of the material [e.g., Ranalli, 1995] .
[15] The elastic models require two independent material properties. A constant value of 0.3 was chosen for the Poisson's Ratio (n) in both the homogeneous and heterogeneous (Ho and He, see Table 1 ) models, representative of an andesitic crust [e.g., Gercek, 2007; Sparks et al., 2008] . Tests that applied a varying Poisson's ratio with depth had only a very minor effect on the uplift patterns, inducing a slight narrowing and decreasing the pressure requirement by~5%, and are thus excluded to prevent an overparameterization of model fits.
[16] Instead, more focus is placed on the choice of Young's modulus, representative of the stiffness of the medium, and directly influencing the amount of strain produced for a given stress (via Hooke's Law). For the homogeneous model domain, the Young's modulus (E) was calculated using Poisson's ratio (n), density (r), P-wave velocity (V P ), and the P-wave modulus (M) using the following sequence of empirical relations [Brocher, 2005] :
[17] The input value of V P was taken from seismic receiver functions of the nearest published seismic section at 21 S, which found an average P-wave velocity of 6 km/s in the Altiplano region [Wigger et al., 1994] . The resultant Young's modulus of 84.2 GPa is consistent with values found in volcanic regions [Gudmundsson, 2011] .
[18] However, evidence of vertical variations in the crustal structure of the central Andes, and the presence of a low-velocity zone inferred to be a region of partial melt (the APMB) warranted the use of an additional set of models incorporating a heterogeneous computational domain [Wigger et al., 1994; Schmitz et al., 1997; Chmielowski et al., 1999; Yuan et al., 2000] . Using results from Wigger et al. [1994] , and two computed velocity models ], a layered, heterogeneous crustal medium was constructed using six individual homogeneous blocks (Figure 3 ). Corresponding P-wave velocities were extracted from the published data and used to calculate density and then Young's modulus using equations (3)-(5) (see Table 2 for layer depths and calculated values). As with the homogeneous domain, a Poisson's ratio of 0.3 was still maintained throughout each layer. [19] To ensure the elastic models were correctly setup, benchmark models were run to compare to the analytical solution of a "Mogi" source [Mogi, 1958] , utilizing the necessary homogeneous, isotropic, elastic half-space assumptions. For the same given deformation source and elastic medium, and an FEM domain consisting of~60,000 elements, the analytical and FE results are more than 99% in agreement, indicating that the benchmark FEM is correctly setup and can thus be applied to more informative problems. Very slight mismatches are thought to be artifacts of the mesh density, with the 
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Geosystems G 3 G FE solution underestimating the vertical and horizontal displacement by 0.2% and 0.7% respectively in the far-field. The advantages of increasing the mesh density to further improve the goodness of fit are far outweighed by the increased computational cost that would be required to run the models.
Viscoelasticity
[20] Building on the homogeneous and heterogeneous elastic models described above, efforts to further investigate causative source processes and timedependent deformation while considering an anelastic crustal rheology were obtained by first-order approximations of subsurface viscoelasticity. This was implemented using a standard linear solid model, which combines viscous and elastic elements in parallel and series (Figure 4) , and allows for an instantaneous elastic deformation followed by a time-dependent viscous creep [Fung, 1965; Christensen, 2003] . Its characteristic relaxation time, t, is defined as
where Z is the viscosity, G is the total shear modulus (rigidity) and m 1 is the fractional shear moduli in the Maxwell arm . The values used in this study were Z = 10 17 Pa s, and m 1 = 0.5 (splitting the total rigidity equally between the two elastic components). These were kept constant to reduce the number of variables in the model setup and hence focus the efforts of the current study on processes related to the nature of the causative source rather than the rheology of the crust. However, a subset of models that tested the sensitivity of these values demonstrated that an increase in m 1 (or decrease in m 0 ) causes a greater proportion of creep, trending toward near limitless creep when m 1 = 1, an unrealistic scenario for the Earth's crust (Figure 4) . Conversely, increasing Z produces a proportional increase in t and less displacement for the same given pressure and time interval.
[21] The viscoelastic representation was realized in the FEMs by modeling layers B-F ( Figure 3 and Table 2 ) as viscoelastic but keeping the top A layer (5 km thick) as elastic, synonymous with evidence of shallow seismicity and estimates of a shallow brittle-ductile transition [Jay et al., 2012] . Each layer then had its own relaxation time according to equation (6) and its value of rigidity derived from the Young's modulus via G = E/2(1 + n). This viscoelastic setup was successfully benchmarked against the equivalent analytical model using a full viscoelastic half-space and a spherical source .
Results and Discussion

Elastic Models
[22] Despite the crust beneath Uturuncu being particularly hot and likely breaching the assumptions of linear elasticity (as described above), the initial elastic models are useful to provide constraints as to the possible shape, size, and depth of the causative source, as well as to assess the sensitivities to crustal heterogeneity compared to homogeneity assumed in most previous models. These results can then guide more realistic, anelastic models that better explain the likely subsurface conditions producing the observed spatial and temporal uplift patterns.
Source Shape and Depth
[23] The large uplift footprint at Uturuncu (~70 km wide) requires a deep source to reproduce the same spatial extent as that observed through InSAR. From over 600 individual models constructed during this investigation (Table 3) , we find the range of acceptable depths for the causative source between 18 and 35 km below the surface (assuming a layered crust).
This is similar to the findings of Pritchard and Simons [2004] who found a range of 17-30 km using an analytical inversion technique.
[24] Depending on the shape of the source, the specific depth range changes, such is the nonuniqueness of the problem when using a data set with only one dimension of observed deformation [Dieterich and Decker, 1975] . This is because different shapes produce relatively more vertical or radial displacement. An increasingly oblate source produces a narrower, more "peaked" displacement pattern, with the magnitude of deformation falling rapidly with radial distance ( Figure 5 ). Such patterns exist due to the amount of surface area of the source that faces vertically upward. An oblate source, having a slightly flattened top, presents a larger surface than a more pointed, prolate source. Consequently, more displacement is transferred directly upward in the case of the oblate source, resulting in the peaked displacement pattern. Therefore, in order to dissipate the peaked pattern and better fit the broad observed surface displacement, the oblate sources require situating at greater depths (30-35 km) than the prolate sources (18-25 km). Spherical sources are in between the two (28-33 km).
[25] The prolate source depth range coincides with strong evidence of partial melt. Yet, while the APMB has been seismically modeled as a thin layer, the bottom is poorly constrained and alternative models with a thicker zone of partial melt cannot be rejected [e.g., Chmielowski et al., 1999; Schilling et al., 2006] . Hence, the oblate and spherical source depth ranges could also coincide with a magma storage region.
Source Size vs. Pressure Change
[26] Because our elastic models do not account for the subsurface state of stress (it is assumed lithostatic), we take the assumption that the tensile strength of host rock is the utmost value that a magma chamber can sustain before rupturing and triggering the emplacement of a dyke [Gudmundsson, 1990 [Gudmundsson, , 2006 , and can hence estimate a maximum value for the source pressure in the elastic models. Most dykes propagate as mode I extension fractures [Gudmundsson, 2002] and there exists an empirical relationship between the tensile strength of rock (T 0 ) and mode I fracture toughness (K C ), where T 0 6.88K C [Zhang, 2002] . Using andesitic values for K C , which increase from 2.5 AE 0.5 MPa m ½ to 3.5 AE 1 MPa m ½ at magmatic temperatures [Smith et al., 2009] , T 0 varies from 14 to 31 MPa. Applying an upper limit of 31 MPa as a threshold value, all elastic models with pressure requirements exceeding this were discarded as being mechanically unfeasible.
[27] Building upon previous work, initial model runs were conducted using similar, small source sizes, e.g., a prolate source with a semimajor axis of 1 km [Pritchard and Simons, 2004] . However, the required pressures to reproduce the maximum observed uplift were on the order of hundreds of MPa to several GPa, and thus rejected as being highly unrealistic. For the specific case of a prolate source centered at 17 km depth where a = 1 km and b = 0.67 km (a is the semimajor axis, b is the semiminor axis) the necessary pressures are 3.8 GPa and 1.7 GPa for the homogeneous and heterogeneous mediums, respectively, 50 to 100 times greater than the inferred upper limit of pressurization.
[28] Subsequent models were run using much larger source sizes in order to achieve the correct magnitude of uplift for an acceptable pressure value. This meant a semimajor axis of 8-10 km for the prolate sources and semiminor axes of 10-12 km for the oblate sources (Table 4) .
Effect of Mechanical Weakness
[29] The modeled low-velocity zone of this study (layer D in Figure 3 and Table 2 ) with a Young's modulus of 33.1 GPa is particularly soft when compared to its surroundings. Consequently, the pressurized sources preferentially deform into this layer if placed at a coincident depth, thus altering the resultant surface displacement, as evidenced by the comparison of models HePS117 and HoPS117 ( Figure 6 ). Both models match the maximum deformation, but HePS117 has a significantly narrower displacement pattern that better matches the entire InSAR profile. This is due to the distortion of the subsurface deformation by the elastic layering; more of the source-region deformation is focused into the softer layer (Figure 6 ), meaning less displacement is transferred to the surface. The source depth soft layer effectively acts to buffer the surface deformation.
[30] The heterogeneous model also requires a smaller and more mechanically acceptable pressure change (28.1 MPa) to replicate the maximum uplift, for the same source geometry and depth as the homogeneous medium (56.5 MPa). Such patterns Figure 5 . The trade-off between source shape and depth. Due to the different relative amounts of vertical and radial displacement generated for different source shapes, they require situating at different depths to match the InSAR signal. The oblate sources produce a narrower or "peaked" surface uplift pattern that must be dissipated by locating them at greater depths than the prolate sources. Source dimensions for the oblate source are a = 3 km and b = 6.5 km with pressures of 5.0 and 13.1 MPa for the 22 and 32 km depths, respectively. The prolate source has a = 10 km and b = 3.5 km with a pressure of 21.0 MPa. Geochemistry Geophysics Geosystems G 3 G are found in all models comparing homogeneous and heterogeneous domains. This is the combined result of softer layers above and around the source amplifying the deformation when compared to a uniform subsurface with a stiffer average Young's modulus. These findings agree with other studies in that homogeneous models often necessitate highly unrealistic pressure changes when compared to a heterogeneous setup [Manconi et al., 2007; Geyer and Gottsmann, 2010; Hautmann et al., 2010] .
Limitations of Mechanical Elasticity
[31] The heterogeneous media derived and implemented in this study were not designed to replicate the exact crustal structure of the Altiplano-Puna region, but to provide viable approximations on the effect mechanical heterogeneities can have on deformation predictions. A more accurate representation would only be possible if the true subsurface elastic (Young's modulus and Poisson's ratio) constants were known in situ to significant depths. For the given setup, an obvious drawback of the elastic models is that the deformation is instantaneously reproducing the observations from InSAR that were built up over 5 years. It appears that the maximum LOS deformation rate has been roughly constant through time at 1-2 cm/yr for at least 14 years [Sparks et al., 2008] , and this temporal deformation pattern is not possible to reproduce with elastic models without including a timedependent pressure condition. We can also more realistically assume that the mechanical behavior of the crust is inelastic below 5 km depth [e.g., Jay et al., 2012] . We therefore invoke viscoelastic behavior for the crust in a separate set of models to account for this rheology and the time-dependent deformation.
[32] The elastic model results are thus used to serve as an indicator as to the source shape, depth, and size. For the three source shapes, all heterogeneous elastic models that fit the data within error and with an acceptable pressure requirement (≤ 31 MPa, as a proxy for source size) are grouped and averaged to produce a representative source for each shape (Table 4 ). These representative sources are then used in the viscoelastic models, because the final shape of the surface uplift profile will be the same as the elastic models, but with a different timehistory to get there.
Viscoelastic Models
[33] The viscoelastic models include a time-dependent factor by accounting for viscous creep following an instantaneous elastic deformation. The size of the initial elastic deformation is dependent on the magni- (Figure 6b ) and the homogeneous medium (Figure 6c ). Colors relate to the vertical displacement (as per the shared colorbar), and the white shape shows the exaggerated outline of the deformed source after the pressure is applied. In the heterogeneous medium the source preferentially deforms into the softer layer (D), compared to the homogeneous medium, which exhibits a concentric deformation pattern. This in turn affects the displacement pattern produced at the surface (Figure 6a ) as the soft layer buffers the subsurface deformation. Letters A-F correspond to the layers in Figure 3 and Table 2 . Source geometry: a = 10 km, b = 3 km, and d = 22 km.
tude of the pressure applied to the source, while the amount of time-dependent creep is controlled by the viscosity and fractional shear moduli in the Maxwell arm of the standard linear solid model.
Constant Source Pressure
[34] As with the elastic models, the first set of viscoelastic models were run with a constant source pressure throughout the computation (Figure 7) . The pressure required to match the spatial deformation pattern after 5 years is 40% smaller than the pressure requirement in the equivalent elastic model (Table 5) . However, the temporal deformation pattern is still not met (Figure 8 ). This is because the maximum deformation (when the amount of viscous creep has reached its limit) is attained after approximately 1 year. Therefore, if the initial pressure is large enough such that after a year's worth of creep the spatial deformation is matching that of the InSAR, the initial elastic response is exaggerated. The deformation rate is then at a maximum (~4 cm/yr) at the start of the simulation and subsequently decreases to zero. Hence, in order to recreate the constant uplift rate that is observed, the source pressure must increase incrementally as the viscous component of the deformation plateaus.
Time-Dependent Source Pressure
[35] Motivated by the failure of the constant source pressure models, a time-dependent pressure is introduced. To mimic an incremental (yearly, for lack of better constraints from observations) increase in the source pressure, a step function is used (Figure 7 ). This means that as the viscous component of the deformation approaches its limit (and the total deformation would plateau for a given pressure), the pressure is increased and the cycle repeats itself. The pressure increase at each step is then considerably smaller than that required in the constant pressure models, meaning the first initial pressure produces an uplift rate that is commensurate with the one recorded at Uturuncu and remains quasi- Table 4 . constant throughout the model run. The resulting uplift then matches both the spatial and temporal patterns for all source shapes and these are our preferred models (Figure 9 ). This demonstrates how a pressure-time function may play a first-order role in explaining the temporal deformation pattern. [36] In addition to a step function, a linearly increasing pressure function (Figure 7) can also be used to match both the spatial and temporal deformation. The uplift patterns and rates are extremely similar to those of the step function but with smoother gradients. In either case, the results allude to a continual increase in the pressure driving the magmatic system and causing surface uplift.
Implications for the Magmatic System
[37] All three source-shapes can produce displacement profiles to match that of the InSAR due to the inherent nonuniqueness of the problem, and a lack of observational geodetic data from more than one component of the deformation field. All can then be related to the pressurization of magma associated with the APMB. In the case of the prolate source, this may imply that a causative body protruding or rising out from the top of the APMB is causing the surface uplift. The fact that ground displacement patterns are dominantly controlled by stresses generated along the upper surface of finite pressure sources may provide additional support for this inference [Yun et al., 2006] . On the other hand, where the spherical and oblate sources are used, this alludes to pressurization within the APMB as the cause (Figure 10 ). Such pressurization within (or below) the APMB appears unlikely given the available constraints from geophysical data on the partially molten anomalous body. Relaxation of stresses over time would likely make this mechanism unsustainable. Therefore, from the suite of models presented, we prefer a model of a prolate source extending from the APMB upward. All models produce constant uplift rates that match the observations made at Uturuncu since 1992, as well as recreating the spatial deformation pattern from the 5 year period forming the focus of this study. Model geometries are as displayed in the bottom half of Table 4. [38] In a recent paper, Fialko and Pearse [2012] proposed a rising magmatic diapir as the source of ground deformation at Uturuncu. While our preferred model does deviate from theirs, both models allude to an anomalous body extending from the APMB upward causing the broad deformation anomaly. This is emphasized by a final viscoelastic model that replaces the source cavity with a halfprolate shape protruding from the APMB (Figure 11 ). The shape is taken from the top half of the preferred prolate source model and we apply a stepwise increasing pressure function along its outer boundary (as in Figure 7 ), equivalent to 1.2 MPa/yr. This produces a deformation pattern that matches the spatial and temporal observations at Uturuncu, with a constant, maximum uplift rate of 1.4 cm/yr.
[39] The pressure condition we apply to the boundaries of the modeled sources may arise from the replenishment of the magma chamber. However, the increasing pressure histories required to match the temporal and spatial deformation patterns preclude the arrival of dykes in swarms, in favor of the continuous or rhythmic arrival of magma. An alternative explanation for the required pressure history is if the pressure is caused by buoyancy of the source; the rise of the head of the magma body as a ballooning diapir could cause the observed ground deformation pattern without the need for constant replenishment from depth Fialko and Pearse, 2012] . This would only be possible if a thermally matured overlying crust allowed creep flow.
[40] To further constrain the causative source parameters, the full three-dimensional displacement field is required. This could be incorporated into a fully three-dimensional FEM, with vertical and lateral variations in subsurface properties, to deduce more accurate source characteristics. There is also scope to assess other inelastic rheologies, such as viscoplastic and power-law viscoelastic, to see how these could influence the inferred source processes and parameters. Additionally, geodetic surveys are often complemented with other geophysical techniques that provide supplementary data about the observed anomaly. Useful accompaniments are gravity surveys, which can identify subsurface mass changes and infer density distributions [Gottsmann et al., Figure 10 . Cross-section through the crust beneath Uturuncu. A, B, and C show the representative prolate, oblate, and spherical sources respectively. In the case of the prolate shape, the deformation source is seen to rise out of the APMB and this is our preferred model. Pressurization of the deeper oblate and spherical sources within or below the APMB is likely unsustainable due to the relaxation of stresses over time. The seismic velocity profile is constrained from the literature (as described in the text), current seismicity and brittle-ductile transition zone after Jay et al. [2012] , and the temperature profiles after de Silva and Gosnold [2007] for a range of years following the intrusion of the APMB beneath the APVC.
2008; Currenti et al., 2007] . The latter should be able to image bodies of anomalous density in or around the postulated source regions and possibly distinguish between the different idealized source shapes . Therefore, while the current models provide sensitivity analyses and first approximations of crustal mechanics and causative source characteristics (using the currently available data), more work is underway to account for the additional complexities mentioned above.
Conclusions
[41] We explored a variety of source parameters and crustal representations to better understand the processes causing the observed spatial and temporal surface uplift patterns at Uturuncu volcano. Investigating elastic heterogeneity compared to homogeneity with a layered crustal structure demonstrated the measurable affect such differences can have on the resultant deformation pattern. In particular, the presence of a source depth soft layer severely altered surface displacement patterns. Source-scale examinations showed that the irregular deformation of the expanding source, caused by preferential intrusion into the softer layer, manifested itself in the surface displacement pattern. Also, softer layers above a source in a heterogeneous medium were found to amplify the observed surface displacement when compared to a homogeneous medium.
[42] The elastic models were useful to provide constraints as to the possible shape, size, and depth of the causative source, and to assess the sensitivities to crustal heterogeneity compared to homogeneity. The oblate sources required centers situated at greater depths (30-35 km) than the prolate sources (18-25 km) to produce the correct spatial deformation, while a mechanically and geologically plausible pressure estimate necessitated a semimajor axis of 8-10 km for the prolate sources and semiminor axes of 10-12 km for the oblate sources. The spherical sources were located at 28-33 km depth with radii of 5-7 km. However, the elastic models could only fit the spatial deformation pattern without any insights into the temporal pattern.
[43] We therefore examined a set of viscoelastic models to account for the time-dependent deformation, and also to satisfy the rheology of the subsurface in this region, which is assumed to be anelastic. With a constant pressure, the viscoelastic models required a 40% smaller pressure than the equivalent elastic model to match the spatial deformation pattern after 5 years, but the temporal deformation pattern was still not met. An incremental increase in source pressure produced an uplift rate that is commensurate with the one recorded at Uturuncu and remained quasi-constant throughout the model run. The resulting uplift then matched both the spatial and temporal patterns for all source shapes, thus demonstrating how a pressure-time function may play a first order role in explaining the temporal deformation pattern.
[44] Our preferred model suggests that pressurization of a magma source extending upward from the APMB is causing the observed surface uplift and alludes to a continued increase in this pressure to explain both the spatial and temporal patterns. Placing this study in a broader context it is clear that efforts to better understand the source dynamics and characteristics beneath the Altiplano-Puna region will aid in the long-term categorization of Uturuncu's level of unrest and hazard assessment. Key to this is how the assumed pressurization of the APMB derived source could relate to potential eruptive, or even caldera-forming activity.
